
Figure 2.  A cross-section of the new detector

Figure 1.  A schematic diagram of a two dimensional MWPC using de-
lay line encoding system.

Abstract

A method of construction of multiwire chambers has been
developed which yields x-ray images with very small non-lin-
earity, in particular that due to anode wire modulation.  The tech-
nique requires an absorption region in the detector, with the an-
ode and upper cathode wires, which are parallel to one another,
in registration with each other.  Studies show that the strength of
the electric field in the drift region determines the degree of an-
ode wire modulation and, under specific conditions, modulation
is halved in periodicity and significantly reduced in amplitude.
New interpolating cathodes have been developed to read out
position in the other axis, along the anode wire direction. Posi-
tion resolution in both axes between 100-150 µm FWHM has
been achieved. Two-dimensional images of small objects have
been taken which show unprecedented linearity.

I. INTRODUCTION

Position sensitive x-ray detectors have an important role
in many areas of research.  In the specific field of small angle x-
ray scattering, the multiwire proportional chamber (MWPC) has
proven a very reliable and versatile imaging device, both for
static and dynamic studies [1,2]; experiments in astronomy and
medicine also utilize this type of detector.  Favorable character-
istics such as excellent position resolution (100 µm) and linear-
ity (a few per cent differential non-linearity (DFNL)) in the sens-
ing axis along the anode wires, counting rate capability of up to
106 s-1, good detection efficiency and ease of construction in a
range of sizes have contributed to the detector’s popularity.

One of the proportional chamber’s properties that is not so
desirable, however, is its position response in the axis across the
anode wires; because these wires occupy distinct locations, usu-
ally with a pitch of a millimeter or so, avalanches occur at these
locations, and a binning, or modulation, of recorded positions
occurs.  This leads to poorer position resolution and linearity than
in the axis along the anode wires.

Little specific work appears to have been carried out to
diminish the magnitude of anode wire modulation.  It is possible
to allow electrons, liberated from the absorption of an x-ray, to
diffuse laterally so that they are collected by more than one an-
ode wire; some position interpolation between wires can then be
achieved.  This was investigated for an astronomy application by
Reid et al. [3], and is also a feature of the spherical drift cham-
ber that has been developed for protein crystallography [4]; some
deterioration in resolution may occur with this method, however.
It is also possible to use avalanche angular location to interpo-
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late between wires [5], though this has only been demonstrated
on a small area, development detector.

We have recently investigated, with some considerable suc-
cess, a technique in which the anode wire pitch is much smaller
than normal, and which also employs a special arrangement of
cathode wires.  This work is part of a continuing effort to improve
the performance of MWPCs as x-ray imaging devices, in particu-
lar, two dimensional MWPCs which our group is developing for
use in small angle scattering experiments at Brookhaven’s Na-
tional Synchrotron Light Source.  The present detector is being
developed for an experiment in which the required collecting
area is 10 cm by 2 cm.

II. DETECTOR CONSTRUCTION

Figure 1 shows a schematic diagram of the position encod-
ing electronics for a two dimensional MWPC with delay line
readout on each of the cathodes.  A full description of the encod-
ing technique is given in ref. 6 for one dimensional detector and
ref. 7 for two dimensional detectors.  Delay lines with transit time
of 1 µs are used in the present work.

A schematic cross-section of the present detector looking
end-on to the anode wires is shown in figure 2.  Throughout this
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paper, we denote the X-axis as the direction along the anode wires
and the Y-axis as the direction across the wires; electron drift is
then in the Z axis.  Table 1 is a list of some major design param-
eters of the detector.

An important feature of this detector is the registration be-
tween cathode wires and anode wires.  As will be discussed later,
this enhances the charge sharing between anode wires, and im-
proves position linearity across the wire direction.  Another im-
portant feature is the smaller than normal anode wire spacing,
which is intended to help improve position resolution in the Y-
axis.  We know from the performance of previous devices that
have been constructed, that an anode wire pitch of greater than
1 mm can result in considerable position modulation in the Y-axis.
On the present detector, therefore, an anode wire pitch,
s = 0.58 mm, was chosen with a cathode wire pitch of the same
value.  When each cathode wire is connected to each of the 40
nodes on our existing delay line encoding system, this wire pitch
conveniently results in a total detector width of just larger than
2 cm.

The distances between the anode wire plane and the two
cathode planes, d, are set equally at 0.58 mm, resulting in an s/d
ratio of unity.  This ratio is a good compromise between the size
of the induced charge distribution on the cathode planes, which
increases with d, and the percentage of the total induced charge
on the cathode planes, which decreases with s/d [8].  The lower
cathode, fabricated from printed circuit board, contains 40 nodes
over its 10 cm sensing length; a shorter version of length 5 cm
provides enhanced position resolution at lower charge levels over
a smaller collecting area.

The entrance window of the detector is made of beryllium,
with an area of 10 cm by 2 cm.  X-rays with energies in the range
of 2 to 12 keV can be detected with good efficiency, using beryl-
lium thicknesses of 25 µm to 1 mm, the latter allowing operation
at 2 atm.  The complete detector is housed in an aluminum en-
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Figure 3(a),(b),(c) Uniform irradiation response (UIR) spectra across the anode wire direction for three different window bias voltages.  The gas
mixture used was Ar/20% CO2.  (d),(e),(f) Electron drift lines from the drift region and equipotential contours for the same voltages; tick marks
in vertical and horizontal axes are 200 µm apart.

closure with dimensions of about 25 cm×15 cm×15 cm.  All ex-
periments reported in this paper were made with 5.4 keV x-rays
and an operating gas pressure of 1 atm.

Special care is required in constructing detectors with very
small electrode spacings, especially to avoid surface current at
the edges of the wire frame; nevertheless, when proper proce-
dures are followed, the detectors are very stable.  MWPCs with
anode wire spacings as small as 0.4 mm have been previously
reported [9].

Table 1:  Major parameters of the detector

Anode wire spacing 0.58 mm
Anode wire diameter 12 µm
Anode cathode spacing 0.58 mm
Cathode wire spacing 0.58 mm
Cathode wire diameter 30 µm
Total gas depth 6.35 mm
Area of entrance window 10 cm × 2 cm

III. LINEARITY OF POSITION READOUT

A. Across the Anode Wires

A recent study [10] in which the anode wires and cathode
wires were parallel and in registration, but with about twice the
wire pitch used here, has revealed the possibility of decreasing
the degree of non-linearity by changing the time constant of the
readout electronics, or by changing the electric field in the drift
region.  In this work, we have studied further the effect of the
electric field in the drift region on the anode wire modulation.

Uniform irradiation responses (UIRs) were recorded across
the anode wire direction with different bias voltages on the de-
tector window with a gas mixture of Ar/20% CO2.  Three of these
UIRs are shown in figure 3(a) through (c).  Plots of the electron
drift lines from the drift region to the anode wires, and the equi-
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Figure 4.  Eight UIR spectra across the wire direction under different
window bias voltages.  The gas mixture was Ar/20% CO2. Tick marks

or the number of cathode wires is larger than that of the anode,
the benefit of the enhanced charge sharing will not occur.

In order to further understand the non-linearity as a func-
tion of drift distance, a finely collimated x-ray beam was directed
onto the detector with a 45º angle in the Y-Z plane.  Figure 5(a)
illustrates the paths along which electrons generated from the x-
ray beam travel.  The response of the detector for different drift
distances (Z-axis) is now mapped onto its Y-axis.  Detector re-
sponse of the x-ray beam was recorded for several different win-
dow bias voltages.  Figure 5(b) shows three of the spectra.  The
horizontal scale of the spectra is adjusted such that the coordi-
nate system aligns with that of figure 5(a).  (It is worth noting
that the UIRs shown in figure 3 are the equivalent cell by cell
averages of the corresponding spectra in figure 5(b), weighted
according to the photo-absorption depth.)

The amplitude of the modulation from events that origi-
nate in the drift region decreases as the drift field increases, due
to the charge sharing process described earlier.  In addition, for
a given field, the modulation decreases as the drift distance in-
creases, a natural result of greater electron diffusion.

An interesting effect occurs for events absorbed between
the two cathode planes.  As expected, events are strongly biased
towards the anode wires (the three peaks at the right hand side
of figure 5(b)), giving nearly identical responses under different
drift field strengths.  However, a doublet peak is observed un-
der one section of the x-ray beam.  This is due to angular local-

potential contours for the corresponding window voltages are
shown in figure 3(d) through (f).  In the case of zero window bias
voltage (Vw = 0), the drift field, Ed, is about 280 V/cm, due to
leakage of the field in the multiplication region where most of
the field is above 10 kV/cm.  Because of the very small field ra-
tio (< 3%),  electron drift lines originating in the drift region in
a cell bounded by two adjacent cathode wires are heavily pinched
in the multiplication region into a channel less than 20 µm wide,
through which the electron cloud from an x-ray converting in the
drift region must pass.  Diffusion of the electrons during their
travel down this extremely narrow channel results in nearly equal
quantities of charge sharing between the two corresponding ad-
jacent anode wires, irrespective of the Y-axis position of the event
in the drift region.  The position encoder therefore records these
events heavily biased towards the position midway between the
two anode wires, as seen in figure 3(a).

On the other hand, a strong drift field prevents the elec-
tron drift lines from forming a very narrow channel, thereby re-
ducing the number of events in which charge sharing between
two anode wires occurs.  With a window bias voltage of -1400V,
Ed ≈ 3 kV/cm (figure 3(f)); the corresponding UIR in figure 3(c)
indicates that indeed there is now a bias of recorded events to-
wards the anode wire position.

When the drift field is optimized, as shown in figure 3(e),
the uniform irradiation response shows that peaks appear both
at the anode wire position and at the midpoint between the wires.
Under this condition (Vw = -600V, Ed = 1.4 kV/cm), the anode wire
modulation has a period of half the anode wire spacing, and a
greatly reduced amplitude.

Figure 4 is a montage of UIRs from eight different win-
dow bias voltages in the same gas mixture.  The change in the
anode wire modulation as a function of the drift field is very dra-
matic.

It should be noted that the enhanced charge sharing is
largely a result of the anode-cathode arrangement.  In the case
where the anode and cathode wires are offset by half a wire pitch,

Figure 5. (a) Plot of electron drift lines for an incident 5.4 keV x-ray
beam at a 45° angle.  The anode wires are at 1200 V, and the window is
biased at -600V.  (b) The detector responses for three different window
bias voltages.  The gas was Ar/20% CO2.
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Figure 6. A comparison of the UIRs across the anode wire direction ob-
tained from this detector and a previous detector with a larger anode
wire spacing.  The gas was  Ar/20% CO2.

ization of the anode avalanche and the subsequent movement of
the positive ions [11].  Even with a 100 ns shaping time, the sepa-
ration of the two ion peaks is well resolved because of the very
small wire spacing, and a high resolution position encoder in this
detector.  Further measurements with a xenon based gas, and with
different shaping times, show that the separation of the peaks in
the doublet increases as both ion mobility and shaping time in-
crease.

One of the unexpected results is the fact that even at high
drift field,  there is no clear sign of drift region events being bi-
ased toward the anode wires.  This seems to indicate that elec-
tron diffusion is large enough that charge sharing dominates for
most of the drift region.

A comparison of the differential non-linearities in this
detector and its predecessor, whose anode wire pitch is 1.1 mm
and has no specific alignment between the anode and cathode
wires, is shown in figure 6.  The DFNL in the present detector
is about 25% while the previous device is 150%; the improve-
ment in non-linearity is significant.  The DFNL in the present
detector with Xe/10% CO2 is even lower, 18%, at least in part
due to larger mean drift distance.  A further reduction in non-lin-
earity could be achieved by using a deeper drift region, since,
as shown in figure 5, non-linearity reduces as the drift distance
increases.

B. Along the Anode Wires

Along the anode wire direction, a printed circuit cathode
is used to provide accurate position encoding.  A variety of in-
terpolating cathode patterns have been studied by our group
prior to this work [12].  However, since w/d for the 10 cm cath-
ode is quite large (~4.4), the two intermediate strip (TIS) cath-
ode successfully used in our previous two dimensional detector

Figure 7.  Schematic drawings of (a) the ZZS, and (b) the SIZS cath-
ode patterns used in this detector.  The tick marks on the left side of (a)
indicate the anode wire locations in the 5 cm cathode; the tick marks
on the right side of (a) and (b) indicate the anode wire locations in the
10 cm cathode. (In the actual device, the wire pitch remains the same.)

Figure 8. Scans of a collimated x-ray beam across the anode wires at
fixed intervals.  The detector was filled with the Ar/CO2 mixture in (a)
and the Xe/CO2 mixture in (b).  The distance between tick marks is
100 µm.  The locations of anode wires are indicated by arrows.

would give a very large non-linearity here.  A zigzag strip (ZZS)
cathode [12,13] and a new single intermediate zigzag strip
(SIZS) cathode were developed for the present detector.  Figure
7 is a schematic of these two cathode patterns.  The SIZS pat-
tern is a hybrid between the single intermediate strip (SIS) and
a ZZS cathode.  The slightly greater width of the intermediate
zigzag strip improves the linearity of the cathode.  Both cath-
ode patterns give excellent position linearity in the X-axis for
x-rays (DFNL< 5%).  A more complete description of the new
cathodes will be given in a later report.

IV.  POSITION RESOLUTION

A. Across the Anode Wires

To measure position resolution across the anode wires, a
30 µm wide collimated x-ray beam, incident normally onto the
detector, was scanned across the wires in intervals of 1/5 of the
anode wire pitch; thus, six position spectra were recorded over
a distance equal to s.  The detector response to 5.4 keV x-rays
in argon and xenon is shown in figure 8.

As was found in the UIR measurements described in the
previous section, the tendency for events absorbed between the
two cathodes to be biased towards the anode wire positions also
has an influence on these position spectra; in a mixture of Ar/20%
CO2 (figure 8(a)), secondary peaks for some of the x-ray beam
positions occur, due to these events.  These peaks do not coin-
cide exactly with the anode wire positions, but are displaced
slightly towards the main peak because of the combined effect
of positive ion movement away from the anode wire and a fi-
nite amplifier shaping time.  As can be seen in figure 8, the sec-
ondary peaks are separated from their corresponding main peaks
by a significant margin.

The fraction of events in the secondary peaks is consistent
with absorption depths in the two gases: the 1/e depth for 5.4 keV
x-rays in Ar/20% CO2 and Xe/10% CO2 is approximately 20 mm
and 2.7 mm respectively, which, for normal incidence, leads to
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about 16% and 6% of photons absorbed between the two cath-
odes.  By fitting each of the position spectra to two gaussians,
the maximum fraction of events in the secondary peaks is found
to be about 18% in the argon gas mixture and 8% for the xenon
mixture.  These fractions are just a little larger than those from
the absorption calculations, possibly because the lower bound
of the drift region is slightly above the cathode wire plane (see
Figure 5(a)).

Because of the irregular shapes of the x-ray spectra, it is
not straightforward to provide an accurate measure of the posi-
tion resolution in this direction.  Nevertheless, some estimates
are given to quantify its position resolution.  In the argon mix-
ture,  the FWHM of the main peaks has a range of 120-190 µm,
while the rms value of the entire spectrum has a range of 85-
95 µm.  In the xenon mixture, the FWHM of the main peaks
ranges from 100 to 140 µm, while the rms figure of the entire
spectrum varies between 60 and 70 µm.

For many applications of the detector the secondary peaks
do not constitute a problem in terms of image linearity.  There
are, however, steps that can be taken to mitigate their effect:
a) By increasing the drift depth, the relative amplitude of the

secondary peaks can be reduced.  This has been confirmed
by preliminary measurements with an additional gas depth
of 6.35 mm between window and wire frame.

b) By use of an electronic discrimination technique, similar in
principle to that described in ref. 14, one can take advantage
of the fact that the induced cathode signal waveform for
events above the anode wire plane has a different pulse height
and rise time from events below the anode wire plane.  Up
to 50% of the events originating between the two cathodes
can then be eliminated.  In our setup, however, this method
uses the direct signal on the planar cathode, and at the mo-
ment cannot be used simultaneously with the X-axis delay
line encoder.

c) By increasing the shaping time of the cathode readout elec-
tronics, the secondary peaks move closer to the main peaks,
due to the greater distance moved by the positive ions at
longer shaping times.  Further reduction in anode wire spac-
ing should also produce the same effect.

Experimental work on these methods is now in progress.

B.  Along the Anode Wires

Position resolution along the anode wire direction has been
measured with the same 30 µm collimated x-ray beam, with both
Ar/20% CO2 and Xe/10% CO2 gas mixtures.  The results are
shown in figure 9 as a function of the anode charge as measured
in 1 µs.  The best resolution achieved in the xenon mixture is
about 85 µm and 105 µm in the argon mixture, using the cath-
ode with 5 cm length.  These measurements are consistent with
results in the photoelectron range studies described in ref. 15, in-
dicating that position resolution has reached the gas limit.

Position resolution with a 10 cm zigzag cathode is de-
graded by about a factor of two at lower charge levels simply be-
cause of its length relative to the 5 cm version;  some comment
should be made about its best position resolution at higher charge
levels.  A 10 cm zigzag strip cathode and a 10 cm single interme-
diate zigzag strip cathode were designed with a zigzag period
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twice that of the anode wire pitch, in order to avoid the acute
angles in the cathode pattern which tend to yield poor definition
in the printed circuit cathode boards.  This precaution seems to
compromise the best position resolution from these two cathodes
(about 125 µm FWHM) for the following reason.  Figure 10
shows the detector response with the 10 cm SIZS cathode when
a collimated x-ray beam is slowly moved along the direction per-
pendicular to the anode wires; the scan is repeated many times
at 1 mm steps along the wire direction.  The cathode records
wavy lines whose period equals that of the zigzag pattern and
whose amplitude varies with the position of the lines.  A perfect
detector should record a set of straight lines with 1 mm spacing.

This, again, is caused by the movement of the positive ions
as a result of angular localization of the anode avalanches.  As
has been shown earlier (figure 5 and 8), with the 100 ns shap-

Figure 10.  Detector response to a series of collimated x-ray scans
across the wire direction with the 10 cm SIZS cathode.  The distance
between each scan line is 1 mm.  The 10 cm ZZS cathode gives a simi-
lar response.

Figure 9.  Position resolution along the anode wire direction as a func-
tion of anode charge.  The x-ray energy was 5.4 keV.
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V. DISCUSSION

We have presented detailed results from a detector whose
anode wire spacing is 0.58 mm, with cathode wires in registra-
tion with the anode wires.  The non-linearity typically associ-
ated with a MWPC across the anode wire direction has been
greatly reduced (DFNL~18%) due to diffusion and enhanced
charge sharing.  To further demonstrate the unprecedented uni-
form response for both axes in this MWPC, two x-ray transmis-
sion images of a 15 mm diameter plastic gear wheel are shown
in figure 11; both images are raw data on a log scale.  Figure 11(b)
was taken with an earlier, 10 cm×10 cm detector, in which the
anode wire spacing is 1.1 mm.  Even though the position linear-
ity in the X-axis is very good, the large non-linearity in the Y-axis,
due to the anode wire modulation, results in distortions over the
entire image.  In particular, there is significant distortion to gear
teeth when they are directly in line with an anode wire.  In con-
trast, the image in figure 11(a), taken by the present detector,
shows very little distortion.  The definition of all gear teeth is
excellent, independent of their positions in relation to the anode
wires.

The active area of this new detector is 10 cm×2 cm.  The
Y dimension could be extended by a factor of 3, to 6 cm, using
the two intermediate strip type of cathode wire readout [7];  this
arrangement should not affect the linearity of the system.  Fur-
ther extension in the Y-axis, while maintaining the same wire
pitch, becomes difficult due to the limited number of nodes (40)
on our existing delay lines.  The X dimension probably could
be extended by another 50%, using a two intermediate zigzag
strip technique.

ing time, positive ions have moved a significant distance away
from the anode wires.  The induced charge distribution on the
zigzag cathode is therefore displaced from the wire position by
the same distance in the Y-axis, which causes a change in the in-
duced signal ratio between the two adjacent strips directly un-
der the avalanche.  This, in turn, results in a displacement of the
reconstructed position in the X-axis (figure 7 shows the zigzag
patterns and the location of wires with respect to the pattern).
The peak to peak amplitude of the distortion in the worst case
is about ±25 µm for the SIZS cathode and ±50 µm for the ZZS
cathode.  (Similar effects have been reported in a detector with
chevron pad cathodes [16].)  Since the collimator we used for
the position resolution measurement has a rectangular cross-sec-
tion (30 µm×500 µm), it is believed that the projection of the
wavy pattern along the 500 µm length has degraded the measured
position resolution.

The above phenomenon is not measurable on the 5 cm zig-
zag cathode, whose period is equal to the anode wire pitch.  Due
to the reduction in the zigzag period, the induced charge foot-
print  on the cathode covers relatively more zigzags, resulting
in finer charge sampling.  An additional improvement is achieved
if an event has shared avalanches on two adjacent anode wires:
the displacement in the X-axis due to ion movement from one
anode wire cancels that from the other.  On the basis of this, we
expect a considerable reduction in the distortions in the 10 cm
cathode by using a SIZS cathode with a zigzag period equal to
the anode wire pitch.

(a)(a) (b)

Figure 11.  A comparison of x-ray images of a plastic gear wheel with a diameter of 15 mm (shown life-size in the center),  (a) taken from this
detector using the Xe/CO2 gas mixture with a 5 cm zigzag cathode, and (b) from a previous detector with an anode wire spacing of 1.1 mm using
the Ar/CO2 gas mixture.  The distance between the gear teeth is about 1 mm. The x-ray energy is 5.4 keV.

15mm
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[6] R.A. Boie et al, “High resolution x-ray gas proportional de-
tector with delay line position sensing for high counting
rates,” Nucl. Instrum. and Meth. 201 (1982), 93-115.

[7] G.C. Smith et al, “High rate, high resolution, two-dimen-
sional gas proportional detectors for X-ray synchrotron ra-
diation experiments,” Nucl. Instrum. and Meth. A323 (1992),
78-85.
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in MWPC for avalanche localization along the anode wires,”
Nucl. Instrum. and Meth. 163 (1979), 83-92.

[9] W. Frieze, et al, “A high resolution multiwire proportional
chamber system,” Nucl. Instrum. and Meth. 136 (1976), 93-
97.

[10]E. Mathieson and G.C. Smith, “Performance studies of a
multiwire chamber, with 1mm anode wire spacing, to be used
for 2-d position-sensitive detection of x-rays,” IEEE Trans.
Nucl. Sci. NS-37 (1990), 187-191.

[11] J. Fischer, H. Okuno and A.H. Walenta, “Spatial distribution
of the avalanche in proportional counters,” Nucl. Instrum.
and Meth. 151 (1978), 451-460.

[12]E. Mathieson and G.C. Smith, “Reduction in non-linearity
in position-sensitive MWPCs,” IEEE Trans. Nucl. Sci. NS-
36 (1989), 305-310.

[13]T. Miki, R. Itoh and T. Kamae, “Zigzag-shaped pads for cath-
ode readout of a time projection chamber,” Nucl. Instrum.
and Meth. A236 (1985), 64-68.

[14]C.J. Borkowski and M.K. Kopp, “Electronic discrimination
of the effective thickness of proportional counters,” IEEE
Trans. Nucl. Sci., NS-24 (1977), 287-292.

[15]G.C. Smith, J. Fischer and V. Radeka, “Photoelectron range
limitations to the spatial resolution for x-ray in gas propor-
tional chambers,” IEEE Trans. Nuc. Sci., NS-31 (1984), 111-
115.

[16]B. Yu, “Gas proportional detectors with interpolating cath-
ode pad readout for high track multiplicities,” Ph.D Thesis,
University of Pittsburgh (1991); BNL Informal Report
#47055.

[17] J.A. Harder, “A fast time-to-digital converter for position-
sensitive radiation detectors with delay line readouts,” Nucl.
Instrum. and Meth. A265 (1988), 500-510.

Purpose built TDCs [17] have already been designed and
tested to provide linear response for counting rates up to 106 s-1

on detectors with the same delay line encoder used here.  Re-
placement of the time to amplitude converters (figure 1), which
have dead times of greater than 10 µs, with these TDCs, should
allow similar counting rate capabilities with this new detector.

The specific anode and cathode wire arrangement that has
been described in this paper is equally applicable to MWPCs for
detecting charged particles.  With a shaping time comparable to
the total electron drift time, it should be possible to achieve the
same linearity as in these x-ray measurements.  In addition, the
secondary peaks observed for x-rays should no longer exist be-
cause each reconstructed particle track position is the average
from many discrete points of ionization along the particle track
in the gas volume.
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